Abstract. The three January 22, 1988, earthquakes are the largest to occur within the Australian continent in 20 years and produced two colinear but discontinuous WNW trending scarps enclosing a shorter ENE trending scarp. Teleseismic long period P and SH and short period P waves are used to constrain the locations and source parameters for the three events. The third earthquake has a seismic moment (1019Nm) equal to that of the 1968 Meckering event and most likely ruptured the southern of the WNW trending faults. Relative relocations suggest that the two smaller earthquakes initiated north or NW of the third event. Centroid depths are less than 6 km, but most likely 3 to 4 km, and source durations are 4 to 6s so it is probable that each event broke the surface. All three earthquakes have predominantly thrust mechanisms and nodal planes that strike west to WNW, consistent with faults dipping southward at 30 ø to 40 ø. Only the first has a nodal plane that could support a north dip for the ENE trending fault, as proposed by other researchers on the basis of ground deformation and preliminary aftershock locations. However, source directivity evident in the short period P waves and relocations are interpreted better if this event, like the others, ruptured a SW dipping fault plane. The ENE trending scarp is interpreted to be a tear fault in the hanging wall that may have acted as a barrier to slip on a single continuous SW dipping fault, resulting in this unusual, at least for Australia, sequence of three large similar earthquakes.
Introduction
The Australian continent is not known for its great seismic activity yet it occasionally produces large earthquakes with impressive ground breakage. The largest well-studied event was the Meckering thrust earthquake of 1968 which produced a 30 km long fault scarp with up to 2m of slip [Gordon and Lewis 1980] . These earthquakes are also unusual in that they have centroid depths of only a few kilometers, which indicates that faulting is contained in the upper part of the crust [Frederich et al. 1988 ].
On January 22, 1988, three large earthquakes occurred within a period of 12 hours in north central Australia. The first two events, here called TC 1 and TC2, were of mb=6.1 (Ms=6.3) and the third, TC3, was mb=6.5 (Ms=6.7). These earthquakes comprise three of the four largest in Australia during the last 25 years. The occurrence of three large closely related events is atypical of Australian earthquakes; to now they have occurred as single large events accompanied by many others of significantly lower magnitudes.
The January 1988 earthquakes created two major fault scarps [Bowman 1988a ]; a southern one called the Lake Surprise (LS) scarp displaying a boomerang shape in map view and the Kunayungku (K) scarp in the north (Figure 1 ). On the WNW trending scarps, the south side was lifted as much as 2m relative to the north side and a trench across the LS scarp revealed a thrust plane dipping 20 to 30øS. Gas company employees found no scarp when surveying the pipeline (Figure 1 ) between the first and third events [Bowman 1988b ]. Bowman et al. [1988] describe aftershock zones dipping to the SW at 40 to 50 ø from the WNW trending surface breaks. The ENE trending West Lake Surprise (WLS) scarp displayed some left lateral strike slip motion but was also predominantly dip slip. Slip on the WLS fault from field observations, while more variable, was inferred to be north-side-up, opposite to that observed on the WNW trending scarps [Bowman 1988a For all three events the short period signal is contained in the first five to ten seconds indicating that the sources are both shallow and short in duration (Figure 2 Short period arrival times are used to identify the start of the P wave on the long period seismograms because the proper alignment is necessary to obtain the correct mechanism and depth. For TC 1 and TC3 the long period and short period P waves start simultaneously but for TC2 the long period first motions appear to be delayed by several seconds with respect to those of the short period (Figure 2 ). While this apparent delay of the long period can be caused by a nodal arrival, the observation that the long period P at WEL is also delayed with respect to the short period even though WEL is far from the node (Figure 3) shows that the source time function for event TC2 contributes to the emergent nature of the seismograms.
The faulting parameters for the three earthquakes (Table 1) The best fitting solutions are largely thrust and, with the exception of TC1, have only a small component of strike slip motion. Despite the variation in mechanisms, the P axes inferred from them are remarkably similar for all three events; their azimuths range only from 16 ø to 20 ø ( Table 1) .
The waveforms constrain centroid depths to be less than 6 km, with the best matches at 3 to 4 km ( Figure 3 ; Table 1 uncertainties. The south dipping planes are certainly the fault planes. The best overall fit to the waveforms is found for TC2 but its centroid mechanism violates the first motion polarities at BAG and PMG (Figure 3) . The short period first motions at HKC and BAG are of opposite polarity (Figure 2 ) but an inversion performed while the dip of the north dipping plane was forced to fit these first motions (i.e., dip=64 ø) could not produce an acceptable match to the observed long period seismograms, particularly those P waves to the NW (this trial results in a poorer match to CHG and QUE than that shown in Figure 5 ). Since the waveform data are sensitive to the episode of faulting in which most of the seismic moment was generated, the inconsistent first motions suggest that the mechanism changed after the onset of faulting. The inclusion of line sources for events TC2 and TC3 did not improve the fits to the waveforms over the point source models. where K is the sum of the weights, p is an a priori probability density function, R is the vector of arrival time residuals with its mean removed, and Ct and Cm are the covariance matrices for the observations and the model, respectively. The errors in the observations et and in the model em are assumed to be uncorrelated so that Ct=et21 and Cm=em21 where I is the identity matrix. In our case, the source depth ze is known independently and the a priori density function is p(X,Y,Z)=I for Z=ze, and p=0 for other depths. The data errors et are assumed to be 0.5s for arrivals picked by the author from short period records, 1.5s for arrivals from long period seismograms (by cross-correlation with synthetic seismograms), and 2.0s for arrival times picked by others. Because the master event technique uses the difference between two arrival times, these errors are double the normal estimate. The master event approach also eliminates the effects of ray path differences outside the source region, so the model error em is that within the source region only, taken to be 0.1 s.
The master event TC3 is shown near the LS fault but at a distance to the south consistent with its centroid depth and dip angle (Figure 1 ). This position is arbitrary but is within the 90% confi- 
Discussion and Conclusions
Given the three apparently distinct segments of ground rupture and the three large earthquakes, one is first tempted to make a oneto-one correspondence. TC1 is the only one of the three events that displays a nodal plane consistent with a north dip on the WLS fault (Figures 1 and 5 nodal plane dipping steeply to the NW and not with the centroid solution; perhaps the WLS fault ruptured at the beginning of TC2 but its signal was obscured by a much larger event that followed quickly on a SW dipping fault. The WLS fault coincides with a quartz ridge; these are known to mark faults in the Proterozoic rocks of NE Australia [Bowman 1988b ]. I suggest that the the Kunayungku and Lake Surprise scarps represent the same SW dipping fault in the crust and that all three of the large earthquakes occurred on this fault. The West Lake Surprise fault, a pre-existing weak zone in the hanging wall, created a discontinuity in stress on the fault surface at its intersection with the fault plane. This discontinuity inhibited slip from continuing from the Kunayungku section to the Lake Surprise section, causing multiple events rather than a single large earthquake, which to now has typified large Australian events.
